In the Sn-9Zn-xAg (x ranges from 0.5 to 3.0%) solder system, the Ag-Zn intermetallics start crystallizing as ␤-AgZn at about 300°C. Subsequently, the solder experiences two peritectic transformations upon solidification. This results in the multiphase structural feature. The complicated crystallization process can be briefly described as L(liquid) → L + AgZn → L + AgZn + Ag 5 Zn 8 → AgZn + Ag 5 Zn 8 + AgZn 3 .
I. INTRODUCTION
The formation of intermetallic compounds in the bulk of solder and at the interface between solder and metallization strongly influences the reliability of solder joints and is of great concern. For instance, the excessive growth of the Cu-Sn intermetallic layer at the interface between Sn-Pb solder and Cu substrate degrades the thermal fatigue life, tensile strength, and fracture toughness of solder joints. [1] [2] [3] Cracks form easily along the interface between the Sn matrix and the irregularly large Ag 3 Sn within the Sn-Ag-Cu joint under thermalmechanical fatigue. 4 The electronics industry will make substantial progress toward a full transition to Pb-free soldering technology in the near future. The current leading Pb-free solder alloys are the ternary near-eutectic Sn-Ag-Cu alloys. Sn-Zn eutectic alloy has also been considered as an alternative for lead-free solder material because of its low melting point (198°C), excellent mechanical properties, and low cost. 5, 6 However, Sn-Zn alloys suffer from easy oxidation and relatively poor wettability. To improve the oxidation resistance and wetting behavior of Sn-Zn solder, the Sn-Zn-Ag alloys have been developed. Ag addition is also capable of increasing ductility and improving vibrational fatigue life of Sn-Zn based solders. 7, 8 Ohnuma et al. 9, 10 have investigated the phase diagram of Sn-Ag-Zn system. The calculated diagram shows that the primary phase upon equilibrium solidification could be Ag, Zn, Ag-Zn, or Ag-Sn compounds depending on the composition. In a Sn-3.66Ag-9Zn alloy, the primary compound is predicted to be ␥-Ag 5 Zn 8 . However, the microstructure in practical cases is more complicated.
Instead of the formation of Ag-Sn compounds, recent experiments indicate that the addition of Ag into the eutectic Sn-Zn solder leads to the formation of multiphase Ag-Zn intermetallics and subsequent off-eutectic structure. 7, 8, 11 A recent study 12 revealed that these Ag-Zn intermetallics settle at the bottom of the molten Sn-Zn solder when isothermally heated at 250°C. This implies that the sedimentation of these Ag-Zn particles may occur during the reflow process when Sn-Zn-Ag alloys are applied for practical uses.
This present study investigated the microstructural evolution of the Ag-Zn intermetallics in Sn-Zn-Ag alloys during solidification. The effect of Ag content on the microstructural evolution was also examined.
II. EXPERIMENTAL
A near-eutectic Sn-8.8 wt% Zn and several Sn-Zn-Ag alloys with the Zn content of 8.7-8.9 wt% and the Ag content ranging from 0.5 to 3.0 wt% were prepared by melting pure tin, zinc, and silver in a high frequency induction furnace. The chemical compositions of the materials investigated are listed in Table I , where the specimens are designated according to their Ag content. These prepared alloy ingots were remelted and cast into 8-mmdiameter cylindrical specimens using gypsum mold with a pouring temperature of 400°C. The cooling rate of the samples, which is measured as the average value from 300 to 200°C, was 1.6°C/s. In addition, the molten solders were also placed in a 5-mm-diameter quartz tube and then water quenched from 400°C for comparison. The cooling rate for quenched specimens was 20.2°C/s.
The solidification characteristics of the alloys were investigated with a cooling curve. The cooling curve was obtained by inserting a thermocouple into 200 g of molten solder placed in a MgO crucible. The molten solder was heated up to above 700°C prior to cooling curve a) measurement. The microstructure of the intermetallic particles was examined with scanning electron microscopy (SEM), electron probe microanalysis (EPMA), and x-ray diffraction (XRD).
III. RESULTS AND DISCUSSION
Figures 1(a)-1(c) show the backscattering electron images of the dendritic Ag-Zn intermetallic particles formed in the 0.5Ag, 1.5Ag, and 3.0Ag specimens. All of these intermetallics display a multiphase feature. The microstructure consists of a mixture of irregular light wavy strata (L) and gray regions (G), enveloped by a dark ring (D). EPMA elemental analysis of Sn, Zn and Ag of the 1.5Ag alloy (Fig. 2) reveals that the intermetallics formed between Ag and Zn. It is worth noting that the center of intermetallics, the light strata, consists of greater Ag content, as indicated by brighter signals [ Fig. 2(c) ]. In contrast, the peripheral region is enriched in Zn, as seen in Fig. 2(d) .
The quantitative results of the EDS analysis (Fig. 3 ) show that there are Ag-Zn phases with three different Ag contents. It shows that the Ag contents of the aforementioned three phases are 57.5 wt% in the light strata, 43.7 wt% in the gray region, and 32.8 wt% in the outer peripheral dark region. The Ag-Zn phase diagram 13 indicates that several kinds of non-stoichiometric intermetallic phases could be found. All of these intermetallics exhibit a broad range of composition. These intermetallic phases are ⑀-AgZn 3 (19.2-44.4 wt%), ␥-Ag 5 Zn 8 (49.5-53.9 wt%), ␤Ј, and -AgZn (60.9-74.2 wt%). Both the hexagonal close-packed (hcp) upon and ordered bodycentered cubic (bcc) ␤Ј were transformed from a hightemperature phase ␤ upon cooling. Accordingly, the light strata are likely to be AgZn, and the gray and dark phases are Ag 5 Zn 8 and AgZn 3 , respectively. The deviation between the measured and ideal Ag contents of the intermetallic phases probably results from errors in the energy dispersive spectroscopy (EDS) analysis.
XRD patterns shown in Figs. 4(a) and 4(b) also confirm the existence of the intermetallics mentioned above. Notably, AgZn could be detected only in high Ag specimens and identified as the ordered bcc ␤Ј phase. The amount of ␤Ј-AgZn was probably minimal in the 0.5Ag sample and thus could not be detected by XRD. The ␤Ј phase was obtained by quenching the disordered bcc ␤ phase, the stable phase at high temperatures. As indicated in the literature, 14, 15 competition between complex hcp and ordered bcc ␤Ј occurs during the cooling of ␤ phase. In this study, the quenched phase ␤Ј is dominant.
The results of the cooling curves are shown in Figs curve of the Sn-Zn sample (0Ag) shows no inflection point above the eutectic temperature of 198.7°C, while an inflection point can be observed at 274.9, 285.1, and 323.7°C, respectively, for the 0.5Ag, 1.5Ag, and 3.0Ag specimens. It is believed that this exothermic behavior was caused by the crystallization of Ag-Zn intermetallics. The 0.5Ag specimen with a slightly higher eutectic temperature, 199.5°C, remains a eutectic feature [ Fig. 5(a) ]. The off-eutectic features observed apparently with a plateau starting at about 205.6 and 212.1°C for the 1.5Ag and 3.0Ag specimens respectively [ Fig. 5(b) ] are believed to have resulted from the formation of proeutectic Sn phase. The off-eutectic feature can be ascribed to the selective combination of Ag with Zn and thus a depletion in Zn. Within the composition range of this study, Ag will be exhausted before the eutectic reaction due to the formation of intermetallics. The liquid solder will change from Sn-Zn-Ag ternary system to Sn-Zn binary system. According to the crystalline temperature of proeutectic Sn measured, the estimated compositions of the residual melts at the complete formation of intermetallics before the Sn-Zn eutectic reaction are also shown in Fig. 6 . The Zn content of the residual Sn-Zn liquid was 8.58, 7.14, and 5.26 wt%, respectively, for 0.5Ag, 1.5Ag, and 3.0Ag specimens. The solidification of Sn-Zn-Ag alloys experiences two stages of transformation as illustrated schematically in Fig. 7 . The first stage is composed of crystallization and peritectic reactions of the Ag-Zn intermetallics at high temperatures, the upper portion of Fig. 7 . The second stage is the Sn-Zn eutectic transformation around the eutectic temperature, the lower portion of Fig. 7 .
It has been reported that the Gibb free energies for the formation of ␤-AgZn and ␥-Ag 5 Zn 8 are similar at high temperatures. 16 Unlike what the calculated phase diagram predicted, 9 our observation showed that ␤-AgZn formed prior to ␥-Ag 5 Zn 8 during the real solidification process. In the beginning of solidification, the ␤-AgZn nucleates and grows in the liquid solder at the expense of nearby Ag and Zn. A higher Ag concentrate leads to a higher crystallization temperature due to the upward curve for L → L + ␤ and results in a longer solidification time for the growth of AgZn. Thus a larger amount of AgZn can be obtained. That is why the AgZn can only be distinguished in the x-ray pattern of high Ag samples.
The formation of the Ag-Zn primary dendrites with multi-phase structure can be explained by the following double peritectic cascade. That is, L + ␤-AgZn → ␥-Ag 5 Zn 8 (labeled P1 in Fig. 7 ) and subsequent L + ␥-Ag 5 Zn 8 → ⑀-AgZn 3 and (labeled P2 in Fig. 7 ). Therefore, the ␥-Ag 5 Zn 8 , the gray region, was obtained through the first peritectic reaction. The outer peripheral dark ring, regarded as AgZn 3 , does not form directly from the melt. It is the product of the second peritectic reaction, which occurs at the edge of the Ag 5 Zn 8 .
Recent findings revealed that the outskirt peripheral region of the intermetallic dendrites (AgZn 3 ) will be transformed into the stable high Ag compounds (AgZn and Ag 5 Zn 8 ) when aging at 250°C. 12 This implies that these complex intermetallics are unstable at high temperatures. This behavior is in correspondence with the behaviors given by the phase diagram sketch of Fig. 7 . Thermal aging of the intermetallics in Sn-Zn liquid may result in the reversed peritectic reaction. Figure 8 shows the intermetallics formed in the rapidly cooled 3.5Ag and 0.5Ag specimens. The dendrites of the rapidly cooled 3.5Ag sample [ Fig. 8(a) ] show a fine, three-phase morphology. Nevertheless, it is obvious that the formation of AgZn 3 is suppressed in the 0.5Ag specimen [ Fig. 8(b) and 8(c) ]. This provides further evidence that AgZn 3 is formed through a diffusion reaction referring as the peritectic reaction.
IV. CONCLUSIONS
The addition of Ag into Sn-Zn solder resulted in the formation of primary intermetallic dendrites with ␤Ј-AgZn and ␥-Ag 5 Zn 8 inside and ⑀-AgZn 3 in the outer peripheral region. The consumption of Zn in the formation of intermetallics gave rise to the appearance of an off-eutectic structure. The ␤Ј-AgZn crystallized first in the molten solder upon cooling. The crystallizing temperature increases from 274.9 to 323.7°C when the Ag content raised from 0.5 to 3.0 wt%. The Ag-Zn dendrites grew through a double peritectic reaction. The peritectic cascades are L + AgZn → Ag 5 Zn 8 and L + Ag 5 Zn 8 → AgZn 3 . A decrease in Ag content as well as an increase in cooling rate will suppress the formation of AgZn 3 .
